Transportation systems are gradually changing. Innovative solutions are provided by automotive industries, construction firms, computer-aided pavement management systems, sensor-based structural health monitoring (SHM) systems, and international regulations. This calls for efforts and studies aiming at finding a trade-off between the ever-growing request of innovation (smart cities), and the never-ending depletion of resources and energy. Energy savings in road infrastructures can be pursued through: 1) construction process optimization; 2) traffic management improvement; 3) vehicle optimization; 4) recycling and reuse of construction materials; 5) innovative materials; 6) energy harvesting; 7) smart roads; 8) maintenance and rehabilitation optimization through SHM methods and technologies. The objective of the study is to set up an innovative SHM method aiming at achieving energy savings in transportation in terms of Pavement Management System (PMS) optimization. The new method here setup was implemented through an experimental investigation. A microphone was placed on different road pavements, impulse loads were produced by a Light weight Deflectometer, LWD, and vibro-acoustic signals were recorded and analyzed in the pursuit of assessing the structural condition of the pavement. Using this knowledge to improve the management process of transportation infrastructures, it is expected that safer, more resilient, and less energy-consuming assets will be provided.
INTRODUCTION
The field of the transportation is gradually changing because of the new solutions offered by: i) automotive industries; ii) construction enterprises; iii) Internet of Things (IoT); iv) sensor-based structural health monitoring (SHM) systems; v) international regulations.
These continuous upgrading call for a careful analysis of the current situation and a proper tuning of the design and management of the transportation infrastructures. It should aim at finding a trade-off between the ever-growing request of innovation (smart cities), and the never-ending depletion of the available resources.
This section of the paper illustrates several relevant examples of possible solutions that may be implemented on road infrastructures to reduce the actual need of resources (in terms of energy, materials, money, time, and workers). Section 2 focuses on motivations and objectives, while the successive sections deal with the method set up, results obtained, and conclusions.
Construction process optimization
Recent studies show that it is possible to optimize the road construction process acting on three important stages of the Hot Mix Asphalt (HMA) production, i.e., aggregates drying, and bitumen/bituminous mixture heating [1] . In particular, by using natural gas as fuel, energy savings (more than 60 MJ), carbon emission reduction (more than 30%), and costs reduction (more than 35%) can be achieved.
Warm and Cool Mix Asphalt were proposed as an alternative to HMA. They allow saving energy and reduce greenhouse gas (GHG) emissions (i.e., carbon footprint) because of lower temperatures, using alternative binders (e.g., emulsified bitumen or cement) and new technologies [2] [3] . Even though WMAs often show a good performance over time in terms of fatigue resistance (durability), their design must be improved in terms of rutting behavior [2] .
Traffic management improvement
Traffic management is often considered as a key solution to tackle congestion, to reduce travel times, to improve flows, to reduce emissions (and save energy), and to exploit the effective road capacity [4] . Nevertheless, if stochastic uncertainty and fluctuations related to the traffic flow (connected to human driving behavior) are not carefully considered on a case-by-case basis, the effectiveness of this solution may be reduced. Real time traffic management systems have been proposed in order to intelligently pilot the vehicles, discourage the formation of gridlock, and optimize power requirement of hybrid vehicles (e.g., fuel cell-based, or autonomous) [5] [6] .
Vehicle optimization
Different approaches have been adopted by the automotive industry to design more sustainable and less consuming vehicles, for example, 1) based on fuel type and/or quality; 2) based on engines technology; 3) having lighter and aerodynamic vehicles; 4) using automated vehicles or selfdriving cars [7] [8] [9] .
Electric vehicles will likely represent the future of the automobile industry because they seem to be environmentally friendly (zero GHG emission), to reduce operational costs compared to traditional vehicles (an electric vehicle costs 10 cents per mile less than a petrol powered vehicle; cf. [7] ). They need 1 KWh to travel for 4-8 miles and they have an energy efficiency of around 75% while the traditional ones use only the 15% of the total fuel energy [7] . Nonetheless, there are still problems related to their overall high costs (due for 1/3 to the cost of the electricity used to power the car; cf. [7] ), to their powertrain (type, size, charging protocol, battery size, timing, etc.), to the energy management approach used (i.e., battery size, or the vehicle velocity), and to the driving cycles (i.e., how the driver doses the speed), and to the current infrastructure performance (to service and maintain electric cars) [6] [7] [10] [11] . Electric car powered by fuel cells fed with hydrogen from clean renewable sources (e.g., wind or solar) represent a promising solution for the current problems related to the electric cars mentioned above [7] . Actually, their development and diffusion depend on high costs, low durability and hydrogen storage problems (i.e., refueling infrastructure-related). Automated vehicles were proposed to optimize fuel consumption, but recent studies demonstrate that they lead to poor results in terms of energy use and GHG emissions [9] , and that they will probably arrive too late to make an impact. Besides these drawbacks, there are also problems related to: i) the safety of passengers, pedestrians and cyclists; ii) cyber security (e.g., terrorism, or malicious hacking); iii) their dimensions because now they are perceived as mobile offices or entertainment centers; iv) marketability.
Recycling and reuse of construction materials
The most common way to recycle road pavement materials is to reuse Reclaimed Asphalt Pavement (RAP). In a recent study [12] , to quantify energy consumption and GHG emissions of asphalt pavement containing RAP, a thorough analysis about raw materials acquisition, plant production, construction, maintenance, and pavement end-of-life was carried out. The authors concluded that the energy consumption strictly depends on RAP and moisture contents, blending efficiency, and performance levels. This study underlines the fact that this is an efficient and well-established solution to reduce consumption in transportation, but a proper design is needed in order to avoid a subsequent increase of the maintenance activities that lead to an increase of GHG emission and energy consumption.
Innovative materials
In the last years, studies have been carried out aiming at using waste materials as construction materials. Road construction alternative materials have been proposed and analyzed in terms of Lifecycle Cost Analysis (LCA; [13] . Byproducts (e.g., crumb rubber, plastics, blast furnace slag, fly ash, leachate, glass, concrete, wood ash) have been recently taken into account as alternative materials because of the restrictions on landfill disposal [14] [15] [16] [17] [18] . The effects of including these materials might have positive or negative consequences on road pavements and their lifetime, but there are unquestionable positive effects in terms of raw material needs/processing and carbon footprints. The success related to this solution is greatly influenced by the technical readiness level, the obstacles from legislation, the involvement of several stakeholders (e.g., the waste management professional, or the scientific community) [17] . The improvement in oil refinery technology has had negative effects on bitumen-based binder quality [19] [20] . For this reason, studies are investigating the possibility of creating and using bio-oil byproducts (e.g., waste cooking oil) as a substitute to bitumen (bio-binders). Bio-binders may have higher recovery ability and fatigue performance than conventional petroleum-based binders, but this success strictly depends on their inner characteristics, which influence the heating and mixing processes [19] [20] .
Energy harvesting
Energy harvesting can be pursued considering different phenomena related to the road pavement and the traffic. Piezoelectric-based devices, for example, gather energy from the vibrations generated by the vehicles (see e.g., [21] [22] ). Through these devices, embedded into the road pavement, it is possible to produce energy to power traffic facilities (e.g., street lights and signs), avoiding long-distance electricity facilities, and getting real-time traffic information (e.g., loads and speeds). On the other hand, (i) road performance could be affected; (ii) devices hardly controllable efficiency (vibrationrelated problems) is a recurring issue; (iii) their duty cycles should be accorded to the traffic; (iv) they should be designed according to pavement stresses, strains, and vibrations; and (v) the durability of these devices is a big issue. Solar roads are emerging as one of the energy source of the future. They include photovoltaic (see e.g., [23] ), and hydronic technologies (see e.g., [24] ). They have the potentiality to produce electricity, and store heat concurrently, but they must guarantee performances (e.g., roughness, stiffness, sustainability) that must be comparable with those of traditional (asphalt-based) roads. Several solutions have been presented to optimize this type of roads, from both energy [25] and structural/security [23] point of view. Hydronic asphalt pavements (HAPs) have been proposed for energy harvesting and snow melting [24] . Fluids circulating in a network of embedded pipes allow capturing and storing solar energy (as heat). Unsolved problems related to this technology refer to construction (needs of reinforced grid) and maintenance, and long-term performance evaluation.
Smart roads
Future cities must be able to improve the daily life of their citizens and, to achieve this goal, in the last years, the concepts of Intelligent Transportation System (ITS; cf. [26] ) and "smart city" emerged. These ideas have all the potentialities to succeed because they combine the world of Internet of Things (IoT) with the Information and Communication Technologies (ICTs). Despite its potential, this approach is very complex because it involves several sectors, stakeholders, authorities, services, and its implementation must take into account: i) innovative ways to share the information (e.g., mobile applications); ii) alternative transportation modes (e.g., bike or car sharing); iii) sustainable strategies (e.g., free electric charging stations for electric vehicles); iv) intelligent traffic lights systems or parking; v) adopting innovative and efficient Pavement Management Systems (PMSs). Smart street lighting entails traffic safety, visual comfort, and energy-savings at the same time [27] [28] [29] . It is important to note that, even if street lighting is governed by a huge number of parameters, new technologies (e.g., LED luminaries, or simulation software; cf. [29] ) can ensure good performance and high energy/economic savings. On the other hand, this solution introduces nondisruptive innovations to solve the problem of the energy consumption in transportation.
Maintenance and rehabilitation optimization through SHM methods and technologies
The preservation of the infrastructure assets is commonly accomplished through the Pavement Management System (PMS) approach, which is likely the most widespread and cost-effective tool used by officials and practitioners [30] . PMS is used to gather information from the asset, to identify backlog work, to set goals, and schedule (e.g., for 3-5 years) maintenance and rehabilitation in order to prioritize and limit the interventions, and saving time, energy, and money (as budget stretching and return on investment). Usually, the approach "worst-first" is considered as the best way to fix a pavement, but using a PMS is possible to clearly see that is less expensive to maintain pavement in decent condition than completely reconstruct it, when it is in bad conditions (e.g., reconstruct 1 mile of road corresponds to preserve or treat 8 miles; cf. [30] ). In order to give an idea of the advantages provided by the adoption of a PMS, Figure 1 and Table 1 are here included. One of the main results of the PMS is the estimation of road pavement condition variation over time ( Figure 1 ). Commonly, pavement conditions are expressed through deterioration curves, which show the variation over time of indices such as the Present Serviceability Index (PSI), the Present Serviceability Rating (PSR), the Mean Panel Rating (MPR), the Pavement Condition Index (PCI), the Pavement Condition Rating (PCR), the Ride Number (RN), the Profile Index (PI), and the International Roughness Index (IRI) [30] [31] . Pavement deterioration can be studied in terms of machine fault monitoring, i.e., in terms of P-F interval and its graphical representation in a plot of time (x-axis) versus functional capability (y-axis; cf. [32] ). This time interval indicates the exposure to stress between the instant, P, at which a potential failure (detectable symptom, warning sign, potential failure symptom) can be detected and the time, F, when the functional failure occurs. Different factors are taken into account to estimate a pavement condition. For example, material type, age, geometry, drainage, substructure conditions and construction history, basic geophysical segmentation, average daily traffic, functional class, and thickness (Cf. [30] ) are the factors used to derive the PCI. In order to assess a road pavement performance (e.g., practicability, availability, and safety, during normal and emergency situations), monitoring is needed and a number of strategies, based on several SHM methods and devices, can be applied (see e.g. [22, [40] [41] [42] [43] ). The information gathered during the monitoring can be used as decision support by the authorities (public or private) deputed to the construction and maintenance of the road infrastructures to improve the management process, or by the users to optimize their trips in terms of travel time, costs, safety, and consumptions. Infrastructure monitoring can be carried out using traditional destructive testing (DT) or innovative nondestructive testing (NDT, see e.g., [44] ). Usually, DT is the most used because of the fact that (i) it is based on wellestablished and accurate methods, (ii) it derives the characteristics of the road pavement from samples of the pavement (e.g., after coring), (iii) technology requirements and worker's knowledge and skills (e.g., to carry out the measurements, or to process the data) are usually already in place. Despite the above-mentioned strengths, beside the fact of providing sample-based information (i.e., discrete points of the pavement), DT requires energy and money for extracting (e.g., coring), analyzing, and landfilling pavement samples. On the other hand, NDT-based methods, driven by the increasingly insistent demand for smart cities, are growing in relevance versus traditional DT methods, offering high performance (e.g., extended measurements), sustainability (e.g., energy and time savings), and efficiency (e.g., high measurement frequency, and/or technologically advanced devices). The main NDT drawbacks are related to the costs (i.e., instrumented infrastructures are more expensive than traditional ones), and to the worker's skill (i.e., skilled worker are required to set up, use, and tune sophisticated devices/systems, and/or to handle and analyze huge amounts of data). From an energy point of view, it should be underlined that the NDT methods tend to be more sustainable than the DT methods, because they use efficient and advanced systems (e.g., network of wireless sensors [45] , cloud-based data management systems [46] , low-power consumption/selfpowered sensors [22] .
MOTIVATIONS AND OBJECTIVES
The motivations behind the study presented in this paper refer to maintenance and rehabilitation optimization through SHM methods and technologies. As described in the previous section, this process is usually based on PMSs. In paragraph 1.8, the main characteristics of the PMSs were introduced and discussed. As mentioned above, during the application of the PMS, to properly estimate pavement conditions and to build efficient and useful deterioration curves, different parameters (e.g., material type, age, structural health status, stiffness) should be taken into account. These parameters are often derived through methods that have several defects mainly related to safety, comfort, environment pollution, and management (e.g., need to limit/interrupt the traffic flow; and/or need skilled practitioners to carry out the measurements and to extracts these factors from the gathered data; and/or are energy consuming; and/or are based on destructive tests; and/or have an unsustainable carbon footprint).
Figure 2. Summary of the study
Consequently, the objective of this study is presenting a method that aims at: 1) limiting the drawbacks related to PMS input parameter commonly used; 2) introducing innovative PMS input factors; 3) promptly detecting potential failure symptoms (first point of the P-F interval) and consequently saving energy and other important resources (e.g., time, money, construction material, etc.) through the improvement of the actual PMSs. Figure 2 summarizes the study showing: i) road pavement lifetime as the combination of the construction and operations; ii) the possible solutions to save energy during the road lifetime as in section 1; iii) the solution "Innovative Pavement Management System", herein focused; iv) the new proposed method and its effects in the short (i.e., timeliness in potential failure detection), middle (i.e., energy and money saving in management due to the PMS optimization) and long term (i.e., carbon footprint reduction). Furthermore, it contains a conceptual illustration of: i) a typical road deterioration curve and its P-F interval (solid line, where P represents the potential failure, F stands for Functional Failure); ii) a typical management cost curve (dotted line); iii) energy and money savings as a function of symptom detection (P) and of the consequent maintenance scheduling.
METHOD: DEFINITION AND VALIDATION
This section aims at describing the method here proposed as a possible solution to improve PMSs used for the management of road infrastructures, and at presenting the experimental investigation that was carried out for its validation.
The method
The core idea behind the proposed method and this study is to replace/ improve the traditional parameters used as input into PMSs, through innovative input parameters (features) derived from signals, hopefully through efficient, low-power, and non-destructive technologies. In order to achieve the previous objectives, a new method was designed and a new system was set up that has the following characteristics: a) it is based on non-destructive low-power electronic system (i.e., sensors placed on the road pavement); b) it does not interfere with traffic (i.e., sensors are outside the carriageway); c) it does not need skilled workers, i.e. it is able to automatically extract the required information from the signals gathered through the sensors; d) instead of traditional PMS input parameters, it uses the information (features), extracted from the acoustic signatures of the road pavement; e) it allows detecting, in real time and with a high sampling frequency, potential failures that occur in pavement layers. This ability leads to improve the actual PMS and to save resources (cf. section 4).
Experimental investigation: Method validation
A SHM method, presented in a previous study of the same authors of this paper [47] , was applied to carry out an experimental investigation that aimed at validating the proposed method. A non-destructive microphone-based electronic system was used to gather the acoustic responses of cracked (i.e., superficially and internally damaged, herein called C section), and un-cracked (herein called UC section) pavements to impulse loads generated using a Light Weight Deflectometer (LWD, model PRIMA 100, Grontmij; Figure 3) . As is well known, the LWD is a device typically used to assess the elastic modulus (E, also called dynamic modulus) of the layers of a pavement according to the standard ASTM E2583-07 [48] . In this case, it was used for two important reasons: 1) as a mechanical source of vibrations able to generate acoustic signals that can be detected and recorded through the SHM system; 2) to measure the elastic modulus (E) of the pavement. The microphone, M (Cf. Figure 3) , of the SHM system was located on the pavement and the LWD was moved along a line orthogonally to the traffic direction, in 5 different points equally spaced (0.5 m). The distance between the mechanical Source (S, i.e., the LWD) and the Receiver (R, i.e., the microphone) was called dSR. In each point, the LWD produced impulse loads and measured the elastic modulus, while the SHM system recorded the acoustic responses (acoustic signals) of the pavement sections under test to the impulse loads. It is important to note that the elastic modulus (E) was considered in this study as a "traditional" parameter (affected by the problems discussed in section 2, e.g., interference with the traffic), and as a "control" parameter, i.e. to verify the consistency (validation) of the information derived from the signals recorded by the SHM system used in this experimental investigation. The signals gathered from the pavements, were analyzed in order to define their spectral contents, assumed as the acoustic signature of the pavements, and to extract one feature, i.e., the spectral centroid (fc), aiming at detecting structural variations based on acoustic signals (cf. [49] ). In this study, the spectral content was studied in terms of Power Spectral Density (PSD). The PSD of a signal of length N [samples], which was gathered using a sampling frequency (Fs), was calculated by first applying the Fast Fourier Transform (FFT) and subsequently the following expression [50] :
Based on the literature, the unit of measure of the PSD was expressed in decibel watt per Hz [dBW/Hz]. Periodograms were obtained plotting the PSD as a function of the frequency. They were assumed as the acoustic signatures of the road pavements. From this domain, different features were extracted. Among all the possible ones the spectral centroid (fc) was taken into account in this study. This feature represents the "center of mass" of the Periodogram and can be determined using the following formula [51] : Frequency) ; N is the sample length of the acoustic signal; pn represent the weights, i.e., the values on the y-axis; fn are the frequencies (xaxis of the Periodogram).
RESULTS AND DISCUSSIONS
The results of the experimental investigation are shown in Figure 4 . Based on results, the averages of the elastic moduli and the spectral centroids for the two road sections under test were derived: i) for the UC section: 800 MPa and 1000 Hz; ii) for the C section: 200 MPa and 700 Hz. Figure 4 illustrates how centroids (fc) and moduli vary as a function of the distance between source and receiver (x-axis). For a given distance, the UC section yield a spectral centroid and a modulus that are lower than the ones of the corresponding cracked, C, section. Consequently, there is a correlation between the reduction of the stiffness (expressed by the elastic modulus) due to the presence of cracks and the variation of the spectral content (in terms of spectral centroid) of the acoustic responses of the pavement. This leads to the conclusion that the spectral centroid can be used as input parameter for the estimation of the pavement condition. For these reasons, the average values mentioned above (moduli and centroids) were used to build the curves that are shown in Figure 5 . Figure 5 shows three curves as a function of time and four couples of points: i) deterioration curve in terms of moduli (solid curve); ii) deterioration curve in terms of spectral centroids (dashed curve); iii) curve of management costs (dotted curve); iv) couple of points P (overlaid triangles, potential failure symptoms on solid and dashed curve); v) couple of points F (asterisks, functional failure on the solid and dashed condition curve); vi) couple of circles (solid and dashed, symptoms detected on the dashed curve); vii) couple of squares (solid and dashed, symptoms detected on the solid curve). The deterioration curves (solid line and dashed line in Figure 5 ) illustrate how the structural properties of the pavement decay over time. They were built using the four average values derived from the experimental investigation, based on the following hypotheses: i) the experimentally derived modulus (E) and centroid (fc) of the UC section refer to a 10 years old pavement and are close to the point P (fairto-good conditions, cf. Figure 1) ; ii) the experimentally derived E and fc of the C section refer to a pavement in poor to very poor conditions (cf. Figure 1) , where PC ≈ 20% in terms of modulus. They are close to the point F (PC≈ 10%); iii) the expected life (i.e., the as-design design life) of the road pavement is about 25 years [52] . 5 . Deterioration curves built in terms of elastic moduli, E (solid curve), and spectral centroid, fc (dashed curves); Management costs (dotted curve) built using the data in Table 1 . Symbols. Triangles=points P that refer to the Potential failure of the pavement; Asterisks = points F that refer to the pavement Functional failure; Circles and Squares = potential (solid) and functional (dashed) failures detected through the experimental investigation By analyzing Figure 5 , it is possible to state that the variation of the Pavement Conditions (PC) of a road pavement can be expressed using deterioration curves built using "traditional" parameters, e.g., the elastic modulus (E) of the road pavement (PC = E), but also through "innovative" parameters, e.g., the spectral centroid (fc) extracted from the spectral content of the acoustic signature of the pavement (PC = fc) gathered by using innovative SHM system. It should be noted that, the spectral centroid is just one out of the countless number of parameters that can be derived from the signals recorded using a SHM system. Based on these "innovative" parameters, specifically designed and weighted indices can be derived to express the pavement degradation. Hence, the proposed method has the potentialities to improve the current PMSs. In addition, the dotted curve in Figure 5 that refers to the maintenance and reconstruction costs was built using the information contained in Table 1 . It shows that using an efficient monitoring system, i.e., able to identify automatically and in real-time the variation of the pavement condition, it is possible to save money and improve the overall sustainability of the management process. In more detail, maintenance costs 4 $ when potential failure has been early detected (PC = 70% for E), but 18 $ are needed if the maintenance is carried out when functional failures are present and easily detectable (PC = 20% for E). In other words, the sooner the symptom is detected the higher the savings are. This result can be easily seen in terms of energy saving and carbon footprint reduction, because of the fact that money savings are mainly due to the energy saved reducing the maintenance interventions and, especially, avoiding the reconstruction of the road pavement.
CONCLUSIONS
A trade-off between the ever-growing request of Intelligent Transportation System (ITS) and the never-ending depletion of the available resources is needed. Several possible solutions that may be implemented in road infrastructures to reduce the current need of resources (in terms of energy, materials, money, time, and manpower) were presented and analyzed. The motivations behind the study are related to one of the possible solutions presented, i.e., PMSs optimization. The current PMSs aim at predicting and using deterioration curves of the road pavement, and for this reason they require input parameters. Unfortunately, "traditional" parameters are derived through methods that have usually need destructive, time-consuming, and expensive operations. Consequently, in this study, an innovative and sustainable method to improve the current PMSs was proposed. The prototypical validation of the method was carried out through an experimental investigation that was aimed at measuring two different parameters, one "traditional" and one "innovative", related to the structural health conditions of an un-cracked (UC section) and a cracked (C section) road pavement. A Light Weight Deflectometer (LWD) was used to measure the "traditional" parameter, i.e., the elastic modulus (E), and as a source of vibration and sounds. The spectral content of the acoustic response of the pavements to the impulse loads was analyzed through periodograms (PSD vs. Frequency). Among the entire set of features that might be extracted from the periodograms, the spectral centroids (fc) were selected as "innovative" parameter in this study. The results of the experimental investigation show that the degradation of the pavement conditions (from the UC section to the C section) can be represented by the two parameters. In particular, a reduction of the road pavement elastic modulus (stiffness) corresponds to a reduction of the spectral centroid. Bearing in mind that, the spectral centroid is just one out of the countless number of parameters that can be derived from the signals recorded using a SHM system, and, under given conditions, the "innovative" parameters might replace the "traditional" ones. This last statement allows drawing the following conclusions: 1) "more sustainable" indices that represent the pavement conditions might be formalized and derived; 2) innovative deterioration curves might be drawn; 3) PMSs might be improved; 4) more efficient road management and rehabilitation processes could be carried out. The effect of the PMSs improvement can be seen in the short (i.e., timeliness in potential failure detection), middle (i.e., energy/money saving in maintenance and rehabilitation) and long term (i.e., carbon footprint reduction).
